INTRODUCTION
The evolving soft electronics and portable electronics require soft, lightweight, and durable lithium (Li)-ion batteries (LIBs) as power sources (Etacheri et al., 2011; Goodenough and Kim, 2009; Hu and Sun, 2014; Rao et al., 2018; Wang et al., 2017; Winter et al., 2018; Yue et al., 2016) . SiO 2 has been highlighted as a promising anode material owing to its large specific capacity as part of the development of high-energy-density LIBs (Chang et al., 2012; Goriparti et al., 2014; Manthiram, 2011) . Although the huge volume changes of SiO 2 and the side reactions with the electrolytes during cycling were identified as the main reasons of short cycle lives of SiO 2 anodes (Beaulieu et al., 2001; Obrovac and Christensen, 2004; Obrovac et al., 2007) , it has been recently recognized that nanoscale designs contributed substantially to improve the cycle lives (Li et al., 2012; Meng et al., 2015; Wu et al., 2012; Yang et al., 2014; Yuan et al., 2016) .
However, achieving long-term stability still remains challenging for the nanoscale anodes with commercial level of SiO 2 loadings (e.g., >1 mg/cm 2 ). For one thing, SiO 2 nanoparticles (NPs) were susceptible to separate from the conductive additives during the huge volume changes, which easily led to structural degradation and unstable solid-electrolyte interface (SEI) (Aricò et al., 2005; Sasidharan et al., 2011; Tu et al., 2014; Yan et al., 2013) . For another, SiO 2 was commonly known to be an intrinsic electronically insulating material owing to its wide band gap (Sun et al., 2008) . Although coating SiO 2 with carbon materials was a solution to such problems, the capacities of the LIBs that contained high SiO 2 loading anodes also fade quickly Kim et al., 2014) . In addition, from a practical perspective, it is still a great challenge to manufacture large-scale flexible electrodes with low resistances by using the available thin-film technologies. The conventional SiO 2 anodes utilizing binders and metal current collectors were typically too rigid and heavy, and therefore could not meet the requirements of soft battery applications (Dirican et al., 2015; Jang et al., 2009; Zhou et al., 2012) .
Here, we propose a scalable strategy of manufacturing hierarchical structured anodes with commercial level of SiO 2 loadings and durable flexibility to tackle the aforementioned problems. Having noticed that the SEI stability and stress dissipation during the volume expansion of SiO 2 are key to the robust operation of SiO 2 anodes , porous SiO 2 (p-SiO 2 ) NPs were first synthesized via a sol-gel technique by employing the positively charged cetyltrimethyl ammonium bromide (CTAB) as a soft template ( Figure 1A ) (Wang et al., 2016a) . We did not wash the residual CTAB off after the reactions because a small amount of CTAB made these p-SiO 2 NPs easier to be dispersed in the spinning solutions. The p-SiO 2 NPs shared the characteristics of limited volume changes of nanoscaled SiO 2 and sufficient porosity for SiO 2 volume expansions . Then a sol-gel electrospinning technique was developed to assemble these NPs into polyacrylonitrile (PAN) precursor nanofibers (NFs). This strategy allowed the positively charged p-SiO 2 -CTAB composites to electrostatically attract the negatively charged PAN in the spinning solution as shown in Figure 1A , which led to uniformly distributed p-SiO 2 nanoclusters within the matrix of PAN NFs. During the subsequent calcination process, the CTAB was decomposed and the PAN was converted into N-doped carbon nanofibers (N-CNFs), consequently forming overlapped p-SiO 2 nanoclusters within N-CNFs (Sui et al., 2016; Ye et al., 2017) .
The advantages of this reported material design lie in the following three levels.
(1) The core-shell structured p-SiO 2 nanoclusters decreased the exposed specific surface areas of p-SiO 2 and thus stabilized the SEI. (2) The porous and nanoscale SiO 2 structures alleviated the volume changes and reduced pulverization of SiO 2 , whereas the 1D CNFs had a minimum transverse volume expansion effect (Ji et al., 2019; Li et al., 2018; Qu et al., 2018) . (3) The ultra-flexible electrospun N-CNFs, serving as the anode skeleton, could continuously and efficiently transport e À and Li + to the non-conductive p-SiO 2 nanoclusters, which in turn acted as a soft plasticizer providing strength to the N-CNFs (Ge et al., 2016; Hu et al., 2013; Li et al., 2017) . With all these merits together, the anodes with commercial level of SiO 2 loadings (>1.6 mg/cm 2 ) exhibited high cycling performance in terms of current rates (0.1-40 C), capacity retention (0.038% fade per cycle over 500 cycles at 0.1 C and 0.026% fade per cycle over 1,000 cycles at 1 C), and Coulombic efficiency (CE) (>97% all the way). Moreover, soft batteries containing such flexible anodes displayed stable cycling performance under various bending angles and could be stable over 700 cycles when discharging at 0.5 C and charging at 2 C.
RESULTS AND DISCUSSION

Electrode Characterizations
The p-SiO 2 NPs had honeycomb structures in which the ordered hexagonal pores with an average pore size of 4 nm were aligned in straight channels, as clearly viewed in Figure 1B . These porous NPs had a uniform morphology with an average diameter of 108 nm ( Figure S1 correlated to the particles size of mesoporous silica in Figure 1B ) and a pore volume of 0.87 cm 3 /g ( Figure S2 and Table S1 illustrate the surface area and the pore size distribution of the free p-SiO 2 NPs and loaded on N-CNFs and related to the BrunauerEmmett-Teller isotherm in Figure 2B ). The anode of p-SiO 2 @N-CNF had a SiO 2 content of 37.7 wt % ( Figure S3 shows the loading ratio tested by thermogravimetric analysis), and the whole membrane could be bent from 0 to 180 without forming any cracks as viewed in the scanning electron microscopic (SEM) images ( Figure S4 ). The NFs in the anode framework offered a high degree of interconnectivity with micrometer-sized pores in between ( Figure 1C ). The p-SiO 2 NPs in N-CNFs tended to aggregate and formed nanoclusters. Nevertheless, these p-SiO 2 nanoclusters were submerged within N-CNFs, as verified by transmission electron microscopy (TEM, inset of Figure 1C ). Therefore the produced ultraflexible membranes of p-SiO 2 @N-CNF could be easily assembled into soft batteries as described in Figures 1D and 1E.
The surfaces of p-SiO 2 NPs were covered by a thin and compact layer of graphitic carbon (Figure 2A ), as verified by the interplanar distance of z0.41 nm, which matched well with the d-spacing of (002) in graphitic carbon (Liu et al., 2013) . This advanced hierarchical structure significantly decreased the exposed surface areas of p-SiO 2 NPs from 1,090 m 2 /g to 80.78 m 2 /g (p-SiO 2 @N-CNF), which was even much smaller than 256 m 2 /g of the pure N-CNF ( Figure 2B ). Of note, the carbonization process created randomly distributed graphitic and amorphous carbon domains inside the CNFs that possessed a multicrystalline structure, as verified by X-ray diffraction ( Figure 2C ). The p-SiO 2 NPs demonstrated a broad diffraction peak at 24 , corresponding to amorphous SiO 2 (Aricò et al., 2005) .
Although both pure CNFs and p-SiO 2 @N-CNF displayed two broad peaks at 24 and 43 , respectively, that were analogous to the diffraction planes of (002) and (100) in graphitic carbon (Wang et al., 2016b) , p-SiO 2 @N-CNF had a higher degree of crystalline at (100) plane than pure N-CNFs. To further explore the graphitization degrees, Raman scattering was tested for both samples ( Figure 2D ). The D-band (1,345 cm À1 ) and G-band (1,580 cm À1 ) in both samples represented the disordered amorphous carbon and ordered graphitic sp 2 hybridization carbon, respectively. The disordered degree of p-SiO 2 @N-CNF was 1.04 (calculated by the ratio of peaks' intensities, R D = I D /I G ), which was slightly higher than 1.02 of the pure CNFs.
A typical single fiber was examined by energy-dispersive spectrometry, which revealed a uniform distribution of Si, O, and N within the C matrix ( Figure 2E ). The N originated from the adopted precursor materials of PAN, which had the ability of in situ heteroatom doping within the carbonous structure via cyclization mechanism (Pan et al., 2015; Tan et al., 2017) . For intensely investigating the functional groups and their compositions, X-ray photoelectron spectroscopy (XPS) was performed as shown in Figure 2F . XPS displayed the presence of C 1s, O 1s, and N 1s, which matched well with the elemental mapping. Remarkably, the p-SiO 2 @N-CNF had a high N-content (atomic ratio of 9.44%) and the atomic ratio of Si and O was around 1:2. The N-doping was favorable for boosting the electronic conductivity of carbon (Tan et al., 2017) . Moreover, the deconvolution of N 1s ( Figure 2G ) displayed four characteristic peaks at 397.2, 399.7, 400.88, and 402.48 eV equivalent to the four N groups N-6, N-5, N-Q, and N-Ox, respectively. These groups were transformed from PAN, through which pyridinic, pyrrolic, and graphitic N were formed (Wu et al., 2018) . Specially, the N-Ox in N-CNFs could enhance electrolyte uptakes (Deng et al., 2016) . Furthermore, four typical peaks at 284.3, 285.2, 286.7, and 289.4 eV were identified for C 1s, corresponding to sp 2 graphitic carbon, sp 3 hybridized carbon, C=N bond, and carbonyl groups, respectively ( Figure 2H ) (Panomsuwan et al., 2015) . A proposed chemical model of these N groups in the carbon domains was sketched in Figure 2I . The presence of such doping groups in the CNF microstructure could enhance the electrochemical performance of electrodes (Wang et al., 2016a) .
Mechanical Flexibility Investigations
The made-up anodes had intriguing shape memory performance and could maintain their original shapes without fragility on various deformations including folding, winding, and binding states ( Figure 3A ). Moreover, deeply exploring the cross-sectional view of the p-SiO 2 @N-CNF showed that it had no cracks in the deformed membranes under diverse positions ( Figure 3B ). Dynamically, after removing the stress, the membrane could rapidly recover to its initial states automatically, and this step could be repeated for more than 1,000 times, demonstrating durable flexibility and robustness. When assembling the anode in a soft LIB, where LiFePO 4 (LFP) was used as cathode, it could work normally at different folding angles ( Figure 3A ). To understand the flexibility, bending stiffness, and tensile stress-strain of pure CNFs, SiO 2 @N-CNF, and p-SiO 2 @N-CNF were measured. Here, as a control, we examined soft anodes of SiO 2 @N-CNF, which were prepared by using commercial non-porous SiO 2 NPs with an average size of 100 nm. As shown in Figures 3C and 3D, p-SiO 2 @N-CNF had the lowest stiffness of 11.1 mN and the largest elongation strains of 1.6%. The NF diameter had a great impact on the mechanical properties of these films. As shown in Figure S5 , the average diameter of CNFs, SiO 2 @N-CNF, and p-SiO 2 @N-CNF were 265 G 4, 305 G 2, and 371 G 2 nm, respectively. The increments in fiber diameters were closely related to the surface roughness of the p-SiO 2 NPs, and hence most of these p-SiO 2 nanoclusters are strongly overlapped within the CNFs as shown by the cross-sectional view of a single fiber from p-SiO 2 @N-CNF ( Figure 3E ). In this design, the synthesized p-SiO 2 nanoclusters were covered by CTAB, as proved by Fourier transform infrared (FTIR) ( Figure S6 ). With CTAB on surfaces, the p-SiO 2 NPs became positively charged and had the ability of self-interlocking with the negatively charged PAN chains in the spinning solution via electrostatic attraction. After pre-oxidizing the PAN precursor NFs, the CTAB was fully decomposed, as determined by the FTIR, in which the absorption peak at 2,922 cm À1 disappeared, indicating complete removal of the CTAB from the fabricated membrane. As a morphological comparison, the commercial non-porous SiO 2 NPs were allocated mostly out of the fibers as seen clearly in SEM ( Figures S7A and S7B ).
The high mechanical stability of p-SiO 2 @N-CNF was ascribed to the advanced core-shell structure, in which the well-interlocked p-SiO 2 nanoclusters were submerged in both graphitic and amorphous carbon domains. The movements of the graphitic layers inside the N-CNFs facilitated the absorption of the applied force or scattering of force when bending the fiber via microscale movements ( Figure 3F ), and thus avoiding the NF breaking under a small external force. However, when a bigger external stress was applied to the pure CNFs without NP doping, the force would concentrate on one area and then initiate cracks, which spread rapidly all over the fibers without any blocking and finally led to fractures in the NFs. In the case of p-SiO 2 @N-CNF, the applied force on the NF was faced by the interlocked p-SiO 2 NPs, which could scatter and level the concentrated stress. The rough and porous surfaces of the employed p-SiO 2 NPs made it easier to form well-interlocked composites of P-SiO 2 /PAN polymers in the electrospinning solutions, which helped to form a perfect hierarchical CNF structure that contained uniformly distributed p-SiO 2 NPs. Therefore the p-SiO 2 @N-CNF membrane showed the best mechanical flexibility as shown in Figure 3 . This was proved by the high-resolution TEM image, which showed that the microstructural p-SiO 2 nanoclusters overlapped within both graphitic and amorphous carbon domains of N-CNF ( Figures S7C and S7D ).
Electrochemical Performance of the p-SiO 2 @N-CNF Anodes
Cyclic performances of the Li/p-SiO 2 @N-CNF and Li/N-CNF batteries were comparatively examined to determine the capacity contributions from p-SiO 2 NPs in the anode of p-SiO 2 @N-CNF ( Figure 4A ). Both batteries demonstrated high CE and stable cycling performance at 0.1 C. However, the capacity of Li/p-SiO 2 @N-CNF was much higher, i.e., 430 mA h/g versus 225 mA h/g over 120 cycles, corresponding to a capacity of 769 mA h/g contribution from the p-SiO 2 NPs.
The battery of Li/p-SiO 2 @N-CNF exhibited typical charge/discharge profiles of combined CNFs and SiO 2 at 0.1 C ( Figure 4B ). The p-SiO 2 @N-CNF anode had a voltage plateau shoulder from 0 to 1.5 V owing to a high voltage potential needed for Li + ions alloying-dealloying into SiO 2 . This result was verified by cyclic voltammetry (CV, Figure 4C ), where there were two obviously separated anodic oxidation peaks at 0.31 and 0.46 V, corresponding to extraction of Li-ions from CNFs and SiO 2 , respectively. In addition, from the first charge-discharge profile ( Figure S8 ), there was a clear reduction peak at 0.55 V, which was associated with the formation of irreversible SEI and the possible irreversible reactions between Li ions and SiO 2 . Moreover, the two de-alloying oxidation peaks became sharp after the first cycle and the CV curves coincided well from the second to the 10th cycle, implying fast reaction kinetics and good electrochemical reversibility. Previous studies revealed that this increment in the de-alloying rate was caused by the formation of nano-Si phase embedded within the lithium oxide and lithium silicates after the first irreversible reactions, and the stable SEI originated from the shell carbons over SiO 2 NPs .
The batteries exhibited stable degrees of lithiation and de-lithiation with high CE around 100% at different current densities varying from 0.1-1 C ( Figure 4D ). For example, at 0.1 C, the discharge capacity slowly decreased from 507 to 410 mA h/g after 500 cycles, corresponding to a 0.038% capacity fade per cycle.
The reversible capacities of the other three batteries over 500 cycles were 340, 300, and 280 mA h/g at 0.2, 0.5, and 1 C, respectively. The stability of the batteries was further proved by testing them under high current rates of 1, 2, 5, and 10 C over 1,000 cycles ( Figure 4E ). Remarkably, the discharge capacity was fully recovered from 275 to 435 mA h/g when the currents were brought back from 1 C to the initial 0.1 C ( Figure 4F ). Of note, the returned capacity slightly increased when testing the batteries from 1 C to the very high current rate of 40 C ( Figure 4G ), indicating excellent rate capability of the anodes.
The unique anode structures of p-SiO 2 @N-CNF promoted electrical conductivity and provided a shielding over p-SiO 2 NPs from continuous contact with the electrolytes, which improved the battery performance upon the repeated charge and discharge cycles. Figure 4H displays the Nyquist plots of a fresh battery and the cycled (1,000 cycles) battery at two different C rates (i.e., 2 C and 5 C). The fresh battery possessed low resistance compared with the cycled battery owing to the establishment of non-electronic conductive SEI layers, which were formed in the first cycle Yuan et al., 2016) . After 1,000 cycles at 2 C (C-E) (C) Continuous CV scans from the first to the 10th cycle of the composite anodes from 0 to 3 V at a scan rate of 0.1 mV/s. Long-term electrochemical tests of the batteries at (D) low current rates from 0.1 to 1 C and (E) high current rates from 1 to 10 C. (F and G) Rate capabilities of batteries under (F) low current rates and (G) high current rates. (H) Electrochemical impedance spectra of batteries at the fresh states and after the 1,000th cycle at 2 C and 5 C, respectively. and 5 C, the charge transfer resistances decreased a lot, suggesting the long-term SEI stability and fast Li-ion diffusion kinetics in the p-SiO 2 @N-CNF anodes.
Postmortem Morphology Study and Performance of the Flexible p-SiO 2 @N-CNF Anodes
The morphological changes after charge/discharge cycling are indicators to assess the battery stability performance. A comparative postmortem study of the NF morphology was investigated for a deeper understanding of the designed flexible anodes. Figures 5A and 5B display that the overlapped p-SiO 2 nanoclusters in the N-CNFs kept integrity with small transverse volume expansion after 500 cycles at 1 C. The NF diameter increased from 371 to 458 nm, corresponding to only 1.23 times of its initial value (inset of Figures 5A and 5B). As a comparison, after 500 cycles at 1 C, most of the NFs cracked in the anode of SiO 2 @N-CNFs and the NF diameter increased from 305 to 529 nm, corresponding to 1.73 times volume change ( Figure S9 ). Moreover, the anode containing 38 wt % p-SiO 2 NPs, 52 wt % CNFs, and 10 wt % polyvinylidene fluoride showed a much larger volume change and there were obviously cracks on the anode surface after 500 cycles at 1 C ( Figure S10 ).
The cycling stability came from the stable SEI of the well-interlocked p-SiO 2 nanoclusters in the N-CNFs. Generally, SiO 2 irreversibly reacted with Li-ions in the first cycle and formed a matrix of lithium oxide and lithium silicate . From the second cycle, the N-CNFs delivered e À directly to the submerged p-SiO 2 NPs and therefore the battery could run normally with a stable SEI, as illustrated in Figure 5C . The SEI formation in the first cycle was attributed to the irreversible reaction between Li-ions and SiO 2 at 0.6 V ( Figure S8 ). From the second cycle, a stable SEI was created over the anode. In contrast, the commercial SiO 2 nanoclusters had bad morphological stability after cycling ( Figure S9 ). This clear stability of the designed nanostructure gave rise to high cyclic stability of the soft LIB (Li/p-SiO 2 @N-CNF) under a constant degree of 90 as shown in Figure 5D . The bent battery delivered a reversible discharge capacity of 260 mA h/g at a discharge rate of 1 C over 500 cycles. At the same time, the battery demonstrated high stability with a CE of $100%. In contrast, the battery (Li/SiO 2 @N-CNF) with the commercial silica anode demonstrated rapid capacity fading and low CE ( Figure S11 ).
Considering that the daily-use batteries have a much higher charging rate than discharging rate, an experiment of our flexible anode was done under a high charging rate of 2 C while discharging at 0.5 C. Interestingly, the soft battery demonstrated reasonable stability ( Figure 5E ) and delivered a stable capacity of $200 mA h/g for 700 cycles with a reasonable CE of $90% and standard voltage profiles ( Figure S12 ).
To the best of our knowledge, scalable fabrication technique to create anodes with an integration of durable mechanical flexibility and commercial level of SiO 2 loadings has not been reported previously.
Using our laboratory equipment, we could easily obtain a big membrane with an area of 70 3 53 cm 2 , as shown in Figure S13 . The robust SiO 2 anode design methodology combined the advantages of stable SEI of core-shell structured p-SiO 2 @C, continuous electrical conductivity of N-CNFs, and flexibility of the electrospun CNFs. It is worthy to note that during the lithiation process, the graphitic carbon acted as a belt that reserved the volume expansion spaces, whereas the amorphous carbon merged the p-SiO 2 NPs together without separations from the N-CNFs. In addition, the superior flexibility of the nanofibrous anodes guaranteed a smooth conductive channel during repeated cell operations under various bending forces and thus produced soft Li-batteries with long-term stability and high rate capability. The flexible anodes displayed better stability and durability ( Figure S14 ) via a simple and feasible fabrication strategy compared with recently reported flexible lithium batteries (Chang et al., 2018; Jeschull et al., 2015; Kim et al., 2017) . These findings will have a marked impact on the general approach for tailoring the properties of flexible p-SiO 2 anodes and show a high commercialization potential of the flexible anodes in constructing soft LIBs.
Conclusions
We have reported a flexible 1D N-CNF anode structure containing well-interlocked p-SiO 2 nanoclusters in the inner space that had high capability toward robust bending targeting a soft battery platform. The p-SiO 2 loadings in the flexible anodes reached to 1.62 mg/cm 2 , which was comparable with commercial LIB anodes. Benefiting from the high interfacial stability and the well-interconnected skeleton of the N-CNFs, the anodes of p-SiO 2 @N-CNF effectively tackled the issues of large volume expansion and unstable SEI of SiO 2 as anode materials and thus demonstrated a robust electrochemical operation of soft LIBs. In addition, we concluded that both the NP doping and the graphitic carbon layers embedded in the CNF matrix endowed the flexibility of the anode and performed as softness plasticizer to scatter the concentrated force, and thus avoid cracks on the overall structure. As a result of the hierarchical structure design strategy, the soft LIBs containing the flexible anodes exhibited high rate capability from 0.1-10 C and long-term stability over 1,000 cycles. More importantly, prepared by a simple procedure that could be broadly applied, this anode design strategy paves the way to the fabrication of high-performance silicon-based LIBs with robust durability.
Limitation of the Study
Although our preliminary results show that the anodes of p-SiO 2 @N-CNF had promising performance for constructing flexible Li-batteries, if the following two technical risks can be addressed, the performance of such flexible anodes will be significantly enhanced.
(1) During our preliminary research, we used small pieces of the free-standing membranes to assemble batteries, but when increasing the electrode area substantially (i.e., tens of square centimeters), the sheet resistance of anode might be much higher. (2) Main challenge in flexible batteries lies in maintaining the energy density while enhancing the flexibility; however, in this study, we only tested the electrochemical performance of the flexible batteries under certain bending degrees (0 and 90 ).
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